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:CAL SUPERSONIC LIFT AMD IHM} CHARACTERffiTICB 

OF SXK4ETaiC.1L WEEGE-SEAEE-AIHFOIL SECTIONS AS 

AETECTED BY SWEEPBACK OUTSIDE THE MACE CONE 

By H. Heeso Ivey and Edward H. Bcven, Jr. 

SUWMKY 

The theoretical supernonic section lift and drag characteristics 
of this, wedge-shape, untapered airfoils with eveepback are presented. 
The results apply to thuee parts of the wing In two-dimensional 
flow and ai-e not applicable to wings swept hack within the Mach cone 
of the center eection. The results nay also bo applied tc swept- 
forward wines If the angle of sweep le not enough to put the wing 
within the Mach cone fron the tips. 
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XHTRODUCTION 

A simplified method is presented in reference 1 for determining 
the prentjv.ru distribution around thin, sharp-no je airfoils at 
supersonic opoeds. This method considors the entropy increase 
through tho shock waves and calculates the pressure changos through 
the shock and expansion waves. The method was slwvu to he 
accurate for wedgc-shapo airfoils and to sire- a close approximation 
for continuously curving airfoils. Tho calculated pressure distri- 
bution was shown to check the experimental dlptribution at low 
Boynolds lvtmbors except for a email replon of seraratod flow near 
the trailing edfe. Tho type of flow encountered when extreme 
Bweepba.* (vlbhin tho Mach ccne) is used at supurcorJc speeds is 
diEcucsed in reference h.    In that rep-art it wc3 elvra that low drag 
coefficients could he obtained when tho vice was cunpb back sufficiently 
to moke tho velocity component perpendicular to tho leading edge of 
the wins subsonic. Experimental results at hifhor Reynolds numbers 
show that tho region of breakaway becomes neßllgiblo as the üeynolds 
number Incrcasos and henco the calculationo should bo accurate for 
full-scale aircraft. 

Reference 2 ured the method of referencu 1 tc calculate the 
characteristics c-f thin double-wedßo airfoils at supersonic speeds. 
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ffl» section characteristics for wing sections swept back outside 
the Mach cone «ere first determined by Buseaaim in reference 3« 
In that paper the component theory «as Introduced and r-aed to calculate 

of the airfoil characteristics of swept-back vinge. 

The present paper extends the work of Busemann (reference 3) 
and mokes uee cf the component theory in conjunction with the 
method of reference 1 to determine the section lift and drag 
characteristics of owept-back double-vedge-alrfoil sections. A 
brief discussion 1B included of the trends indicated by the results. 

SYMBOLS 

speed of sound in air, feet per second 

section pressure-drag coefficient 

section lift coefficient 

Mach number • 

thickness of airfoil section, feet 

length of chord, feet 

component of free-stream velocity normal'to plane of shock 

component of free-stream velocity in piece of shock 

proseuro coefficient 

°d 

«1 

N . 

t 

c 

V 

v 

AP/O. 

Ap 

4 

»1 

H. 

*3 

Hi 

7 

difference between local static preseisro end free-stream 
stati.; pressure 

dynamic pressure 

static pressure on upper loading edge of airfoil 

static pressure on upper trailing edn© of airfoil 

static pressure on lower loading edge of airfoil 

static pressure on lover trailing e<lge of airfoil 

ratio of epooiflc heats 
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L 

D 

da 

a 

lift 

drag 

elope of lift curve 

angle of attack, degrees 

angle through which flow tun» (that la, change In surf ace 
eagle of airfoil), degrees 

A    sweep angle, degrees 

0   half angle of airfoil, degrees 

t   Mach angle, degrees 

Subscripts: 

a   after shock 

b   before shock 

o   measured in free-stream direction 

a   measured perpendicular to leading edge 

T   total 

M • 1 for the flow oondition when Mach number equals unity 

M » 0 for the flow condition when Mach number equals zero 

THEORETICAL CONSIIERATIOHS 

The equations of Meyer as given in reference 5 show that the 
velocity components normal to any plane shock (herein designated 
m,, before shock, and UQ, after shock) are related to the speed 
of sound before the shock corresponding to a Mach numbor of unity 
and the free•stream-velocity component in the plane of the shock by 
the following equation! 

^-(VlJ 7 + 1 

,-—'*tf£>ivV4! 

'#• 

^ f.- 

rv 

&7"-. 

r-V • 
»A -. 

ST' ' < 

i 

&••-• 

....... «uttfe**^ 

«» *>• 



Mi 
* s 

*"<*»j»fc».i 

vhwe 

Vi 

"k>0 

Since 

HACA rs No. 1526 

•peed of •cum! corresponding to e Mach number of unity 

before «hock U«W^Z1 ^ 

canponent of free-stream velocity In plane of shock 

stagnation speed of sound before shock 

2   2 
*b :*o    " V 

It follow that 

*b»a - 7VT • 
r - ! ._ 2 

a      7-rly+l «b 

From this relation it can be seen that, for a given value of 
local speed of soand bei'ore tli« r.hock a^,, toe changa of etato 
across a plane ehoolc la dotorminad only cy the free-Btream-velocity 
component normal to the shock yltp.o u*. This fast is useful in 
calculating the theoretical section pressure distributions of tiie 
swept-back wings ccnnldered hersin> 

The obvious linlt&tlonB to \be E»+2iod are that the wing 
section considered aciet not be svept uaci *»i Uiir» the Mach cone 
of the center section and that the VWA, 3octien should net exceed 
the limits illustrated in figures 3 and 4 of reference 1. 

For the present ctudy the free-Btrenm-velocity vector is 
broken into components, cne of which is parallel to the loading 
edge of the wing end la therefore in the plane of the attached 
shock wave. Since this ccr..ponent cf free-stream velocity he.s been 
shown to have no effeot on the change of etato across the shock, 
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the pressure distributions can lie calculated Aren the Telocity 
vectors noimal to the leading edge. 

For wings swept "back on* Bide tlie Mach cone a part of the 
vina is, effectively, in tvo-öiaen3ionBl flaw.   Figure 1 defines 
the sonee of two-diuenoional flow for the wing plan forms considered 
in the preoen- paper.   The part of the wing 3.ylng in the central and 
tip uroae in •Headed in figtre 1 will have considercblo three- 
dimonsional f3.ow.    1'ho caioulationii prcsontod are valid (inly for 
the r*rt of the wine in bwi-rliamna'-onol flow,    i'fco characteristics 
of a swopt.-'back wine of finite aspect ratio (tips and center 
section being considered)  can bo a.jpruxiiaetad by a combination 
of the results presented heroin e-nd the linearized method of 
reference 6.   The calculations presented herein are ouitablo for 
swe;jt-forward as well as nvopt-basis wlxijs.    In order to illustrate 
the efieci of r,weepbao>: or- lifb and drag, a BirauLil'ied analysis of 
the flow over the exaaple wing sboun in figure S will be discussed 
first.   For this example, tho ving is asevmed to bo operating under 
tho following conditions: 

Froe-ctrecm Mac?i number,   M0  fc 

An^le of attack,   a , d»a-eef5  1 

Thicknocc ratio perpendicular to the leading edge, f-H      .  .  . 0.03 

Ewocpboclc angle,  A, donees  60 

Figure 2 gives plane and sido elevation views cf the example wing 
for the alienating conciicioiin B-pecified.    Figure 2 differentiates 
between tvo methodc of m&aeuring section tMcloieas rrtio; namely, 
perpendicular tr; leading cdfjo (section A-A.) en- parallel to frco- 
ctrcaa diiectioii (portion U-U).    In f;encral,all celcrlatlons ore 
carried out for voluoo of (£\   - u.O^    end   f-*-\    =0.05 and 0.10. 

Wo We 
The subscript "o" sitTj.fioo &:>*foctiv-e and lndicater that the 
ecwipoueni iE measured parpenaicular* to ':he leiutlnp .dgo and the 
subscript "o",fchat tho cosmonoi.it is measured in tho direction of 
tho free-etream .'elu-it;'.   In order to Bieku tlie regulations the 
free-rtjx&m ijxeh number veotor is broken iTito thrto G3»>joiicntG: 
Mj_   perpendicular to tho leading odgo and lying ii» the ^iane 
dotermined by tho uhord linos,    %    porpcndioislar to the plane 
determined by the chord, lines, and IU   parallel to tho leading 
edge.   Except for tip effects, which d~> not influence; tho section 
being studied, the flow parallel to the leading odje does not 
affect the pressure distribution and honoe will be neglected. 
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In order to expedite the calculations for the Illustrative 
example, acne simplified equations are used lnstoad of the exaot 
equations which are civen in the appendix. It must bo emphasised 
that the approximate method has been uned only ln~the illustrative 
example. 

For smell ancles of attack 

M^ s Mo COB A s a 

Mr, - MQ Bin «ö 

and 

Vow en effective angle of attack Og la based on % and Mo. 
instead of MQ, The vector sum of M^ «Lid Mg is effective 
free-stream Mach number 1%-..   Tho effective, anple of attack ct^ 
is then 

*»    • °ö A      ' a« «= arc tan —~ arc tan   M   Bin— COB A 
Ml «o 

Tor small angles of attack, sin   a.Q   and tan   aQ   nay be replaced, 

by   OQ.   Then 

ctg « arc tan 

and since MQ = i/tt,2 + Mg2 s M-,, the problem has been simplified 
to the extent that the lift and drOQ charactoristios of an 
unsvept ving section at 2J angle of attack aud Hach number 2 
oan be used. Reference & gives the pruos-^re drug coefficient of 
this airfoil as 

ca = 0.0085 

.J»4*.. 
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and the lift ooeffioient as 

0.08B 

These coefficients are based on the dynamlo pressure corresponding 
to   Mg.   In order to bass them on   M0   the coefficients mus.t he 

multiplied by • coe?A .  It must also he renumbered that only 

one component,    c^ COB A, of the drag force is in the free-stream 
direction; consequently, the lift ana pressure-drag coefficients 
based on free-stream conditions beccme 

c,    - COffe X0.52» 0.0S05 

0^    » 0 .0005 X 0.51 - 0.00106 

Sen» allowance must he made for skin friction, which is changed only 
by a Reynolds number effect due to the sveeptack.   The exact nature 
of supersonic skin-friction drag io not as yet completely defined 
but for the present analysis its affect can he shovn by assuming 
that the supersonic sdn-drag coefficient retrains constant in the 
supersede range at a reaEoiit.blo subsonic value.   If the effect of 
a skin-friction coefficient other than the value assumed herein is 
desired, the curves presented in this paper may be shifted accordingly. 
For this example the skin-friction drag coefficient is assumed to be 
0.006 and the total drag coefficient is 

C*T 
0.006 + 0.00106 - 0.00706 

The pressure drag is thus only a small, part of the total drag. ' 
Reference 2 may be used to determine the section lift and drag 
coefficients of an unswept wing with a thiclaiesB ratio of 5 percent 
when thickneaB is measured perpendicular to leading edge for «^ • 1° 
and Mc » U. These-data may be compared with the swept-back-wing 
section coefficients, as follows: 

•1 

Swept-back 
wing, A - 60° 

0.00706 

0.9205 

Unswept wing 

0.00900 

O.OI80 

•../; ,« 
fir 
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•» 1 
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In this particular ease the addition of awoopteck Increased the 
lift and decreased the drag of th0 section. It must be remembered, 
however, that this example Berves inly to point $ut the problems 
involved in calculating the airfntl characteristics of swept-back 
winps end ia not intend«^ ta lqad to any particular crncl.usirnB 
as to the general advantage of ove.op'back. Some of the equaticna 
used for this illustrative «jrample are approximations which do 
not apply at high angles of attack. The exact equations used 
In the paper are cumbersome and hwice are presented in the appendix 
In order that the main body of tho paper not be unnecessarily 
complicated. 

PRESENTATION CF RESULTS 

Slope of the lift cvrve.- Reference 2 has shown that the 
Blope of the lift curve dncrnaa;»8 as the Mach number increases 
above 1.0. It can be expected, therefor*, that the addltim of 
»weepback at high auperacnio speeds will tend to Increase the 
lift by making the offectiv* Maci number anpro&eh 1 and by 
increasing tho effectiv« nag, La of attach but will, tend to decrease 
the lift by decreasing the pffecciv* dynamic y.reosure. The 
resultant effnct depend« '.n tho actual speeds and angles involved. 

it* 

*? 
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Figure 3 preuento tl-.e variation with the sweepback nf the 
•lope of tho scctit« lift curvus (buaed on free-stream angles of 
attack and free-stream lift coefficients) for a vlng section of 
5-peroent effective thlekness ratio. Curves are given for constant 
values of free-stream Mach numbor. The curves show that at low 
supersonic speeds nubstantlal increases In the slope of the lift 
curve are the result of increasing angl* of sweepback. For 

dCj 
example, at M„ • 1.5, -—2.» 0.0Ö3P for A • p" and dCj /do,, 

has increased to a value of 0.0735 for A - 3C°. However, at 
higher forward Mach numbers tho slope of the lift curve does not 
change appreciably with Increasing *wwepback until the uwoepback 
Is sufficient to reduco the effective Mach number to the vicinity ?f 
unity. 

Sine« reference 2 has shown that thicknoes ratio has no 
appreciable effect on the nlppe cf the lift curve, figure 3 has been 
limited to a single value of thickness ratio. 

Minimum drag coefficient.- The effect of swetephack on the sectlm 
minimum drag coefficients is «hewn in figure k. 

^^§^pSSBsrs,-(. 
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n*n. „4. J-1It coeffj »<„„,.    .""-»tea and «I,*.,..,. --~ «i eecticn lit-t     " • ue,JU eai.cuJatft, "--•"•"8 as a 

#><•   ___ w"lu" OR   of    A _    ""fa-      It   ShriDlJ   i__ 

hp« the «1B,» " a VaJuc 

-_«».L urag.    It should t>o noted that, — - wuBoination of /. ,    Cj  ,    and   Mc   reaulted in a value 
Of offective Mach number   *^    lees tjjpn the ai&ljmv value for 
which application of the metlicd of reference 1 is considered valid« 
the curves were either omitted or restricted lb extent.    For 
operating coaditionu «"pprcacMnc these \imlze and with a wing of 
finite aapect ratio,   Uie »ovf-an of the vU.£» for which these 
calculations are- valid its a auaj i perceji+age of the total wing area. 

An examination of figures -j through 16" yields  the following general trends: 

(1) Tor » "»— <» For a Kl 

o 
fSJ For a ,-iVm 

^crease ln ÜIe „„ " °f »t   «nd /i)    cr /1 \ n «» aweepback an«le . \ c^    cr I•- J    an 

l0   for aiauam,,,   _i° «j '«"eot en the 
^    '   •-    en* '* 
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W For a given combination of A and I - J or (-J 

Increase in the operating free-stream Mcch n-ombor oucstantially 

decreases the value of o7 for maximum 
Cd, 

Clr 

°do b.COc"" 

(5) Tor a given combination of A    and  1 ui - ax an 

lnorease In the operating free-stream Mach number decreases the 
Cj 

value of maximum -——-?*rr— hut has no appreciable effect on the 
cd + 0.006 

value of maximum 
cdn 

It may be of interest to compare the ©yact results of the 
present paper with tho approximate formal as developed from the 
linearized eupei-ssnio theo-.v   The linearized theory is, of course, 
restricted to thin airfoils ab small an<-loa of attack and at stream 
lfach numbers lar^o enough to givo on attached shock. 

By uao of the coitpcrient iheory the ajjiraxiuute formulae for 
determining the characteristics or the ratio of maximum lift to 
prossura drag or swopt-back sections are 

WmftX " 2 c-s A [fi X 

CC3 A 

V(M0 COB /.)' 

PA 

•Diese formulas provide close approximation to the exact values 
of the present paper within the limita of thsir application. 

It is evident that for both swept-tack and unswept wedge-shape 
Motions the maximum ratio of lift to pressure drag occurs when 
Wo aides of the wing section are parallel to the direction of flight. 

•••*;'-T-©:: 

!"*»?«.' 
*-i*3S 

..**,-! 

'TSfc 



IACA. TB Re. 1226 U 

COnCUEXOBS 

that: 
The calculated results presented In this paper Indicate 

-H^*- 

1. Increasing swoep'back at a constant stream Mach number 
increaser the valve of the ratio of lift co pressure drag and the 
ratio of lift to total drag, provided thai the thickness ratio 
neaGurod in the froc-Btrcam dlrnctlon is allowed to decrease. 

2. Incrooainß oweopbr)ck at a constant Btr:<em Mach increases 
the slope of the lift cvrr« aubstentlelly except at hißh stream 
Mach number's whei'o tho effect is negligible, 

3. Increasing nveoipback at a constant stream Mach number 
decreases ho minimum drag coefficient provided tho free-stream 
thickness ratio is allowed to decrease. 

k.  Tho section lift coefficient for the maximum ratio of lift 
to pressure ttrog and of lift tc total dreg decreases with an 
incroaso in frce-sti-oem Mach number re:'<u.vJ.oBs of nweepb&ck. 

5. The ajjprozimcte lino.«.i?.ci solution for the lift and drag 
characteristics of u swept-!?, w* ving section a', the maximum value of 
the rabi;; of lift to pressure drag agree vt?..I with tho exact values of 
the present paper provided that: (a) the airfoil is thin, (b) the 
airfoil is at a email apgio 01  attack, and (c) the i'reo-atre&m Mach 
number is veil above the minimum value for an attached shock. 

Langloy Memorial Aeronautical Laboratory 
national Advisory Committee for Aoronautics 

Lanßie;/ Field, Va., t>«M.>te>aber 20, 1946 
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APOTBIX 

METEOD OF CCMPUTATIOH 

Bio following formu?.aB are derived toy the application of 
trigoncaetry and analytic gecmetry to tie basic wing Bactims 
considered.    (See fi.3» 2.) 

The effective Mach r.uriber   Me   which is tee component of the 
free-Btrec'm Nach airtbor   MQ   acting perpend! cula-i? to the leading 
od/*e, is exproaned in teimo of tha anplo of nweepbaclc   A   and the 
free-otreaai angle of attack   a0   r.s 

Me -M,,/ 1 - Bin'A coB^ag 

where 

effective Mach nwnberj that io, the conrpcnent of   MQ 
acting perpaucLiculer to the leedir.3 edge 

Hie effective Mp.e;i n'uÄcr   MQ   can toe further T.rofcen up lit« 

(a) The component of H0 (aal therefore also of M,,) lying 
In the piano of the chord lir.os and perpendicular to the leading 
edge given by M0 coo OQ COB 

(to) "Die component of Mg (and therefore alec of M^,) perpen- 

dicular to the plane of the chord lines, given toy MQ sin a0 

The effective anglo of attack, that ia, the enrAe of attack 
Of the airfoil section measured perpendicular tr> thn leading edge, la 

tan a0 
a_ • arc tan   

cos A 

and the effective thickness ratio, that is, the thickness ratio 
neasured perpendicular to the leading edge, is 

COS  A 

•••'••& 

•n 
!* 
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If   {<0    1B the half-angle of the airfoil nenrured r>erptndicular 

to the loa/liiv; edge «awl   P0   is V.io ent-'lo thi'orvjb which ehe flow 
turns (clnt it;, orange in r.urfact angle of airfoil) measured in the 
plmo pearpwriUma» to lending •&£•« then 

(*) l?e = a0 + p0 • arc ttt i±i£. 
coc A 

AP 
Pressure ooeffloleata  —   t-rc now determined hv tht method 

of reference 1 for the effaatlrs airfoil Bastion operating p.t the 
effective engla of attaak and at tiie effective Mach mafber.   These 
jiwnrt coefficients srs thun oaorartad to lift and drag section 
coefficient a eased on iroc-stroeei ncasiu'tiic-nts \g tbs fallowing 
foiuulfie: 

i /!V\1 fai   MT!7-..\ "I 
*• * i ,  -_i 

AT>J_    AR. i (7-^ 
 + —     H...    -or 

a„      a,.     lw« 
-ros c0 + ein cQ 

«•  L     /o J 
Ap,,      .2^ 

3e 

whore the subscripts 1 and 2 refer to the leading ruu smiling parta, 
respectively, of too upper aurfece of the airfcll and the subscripts 3 
and k refer to the leading and trailing parts, respectively, of the 
lower surface. 
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TABLE I.  - PREESWTAXIQN OP EE&UffS 

riffi're ParsKetcra ©. Wo 
A 

Mo 

V*) 
(b) 
(0 

/Aapainst n, 
J       " 

1 0.10 
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Figure 15.-   Concluded. 
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Figure 16.-  Lift to total drag ratio; f-M    - 0, ,05. 
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Figure 10.-  Continued. 
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Figure 16.-  Concluded. 
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